More frequent utilization of non-heart-beating donor (NHBD) organs for lung transplantation has the potential to relieve the shortage of donor organs. In particular with respect to uncontrolled NHBD, concerns exist regarding the risk of ischaemia/reperfusion (IR) injury-related graft damage or dysfunction. Due to their immunomodulating and tissue-remodelling properties, bone-marrow-derived mesenchymal stem cells (MSCs) have been suspected of playing a beneficial role regarding short-and long-term survival and function of the allograft. Thus, MSC administration might represent a promising pretreatment strategy for NHBD organs. To study the initial effects of warm ischaemia and MSC application, a large animal lung transplantation model was generated, and the structural organ composition of the transplanted lungs was analysed stereologically with particular respect to the blood-gas barrier and the surfactant system. In this study, porcine lungs (n = 5/group) were analysed. Group 1 was the sham-operated control group. In pigs of groups 2-4, cardiac arrest was induced, followed by a period of 3 h of ventilated ischaemia at room temperature. In groups 3 and 4, 50 9 10 6 MSCs were administered intravascularly via the pulmonary artery and endobronchially, respectively, during the last 10 min of ischaemia. The left lungs were transplanted, followed by a reperfusion period of 4 h. Then, lungs were perfusion-fixed and processed for light and electron microscopy. Samples were analysed stereologically for IR injury-related structural parameters, including volume densities and absolute volumes of parenchyma components, alveolar septum components, intraalveolar oedema, and the intracellular and intra-alveolar surfactant pool. Additionally, the volume-weighted mean volume of lamellar bodies (lbs) and their profile size distribution were determined. Three hours of ventilated warm ischaemia was tolerated without eliciting histological or ultrastructural signs of IR injury, as revealed by qualitative and quantitative assessment. However, warm ischaemia influenced the surfactant system. The volume-weighted mean volume of lbs was reduced significantly (P = 0.024) in groups subjected to ischaemia (group medians of groups 2-4: 0.180-0.373 lm³) compared with the sham control group (median 0.814 lm³). This was due to a lower number of large lb profiles (size classes 5-15). In contrast, the intra-alveolar surfactant system Journal of Anatomy was not altered significantly. No significant differences were encountered comparing ischaemia alone (group 2) or ischaemia plus application of MSCs (groups 3 and 4) in this short-term model.
Introduction
During the last two decades, great progress has been made regarding safety as well as short-and long-term results of lung transplantation. Subsequently, the number of lung transplantations has increased substantially, but a further expansion of transplantation programmes is limited by the scarcity of suitable donor organs (De Meester et al. 2001; Christie et al. 2011; Kotloff & Thabut, 2011; Yeung & Keshavjee, 2014; Yusen et al. 2015) . To date, the vast majority of transplanted lungs have been retrieved from brain-dead donors. Utilization of lungs from nonheart-beating donors (NHBD) conveys a great potential to increase the number of organs from the donor pool (Halpern et al. 2013) . It varies greatly between centres and countries, and accounts for < 1 to 32% of lung transplantations . Due to concerns regarding an increased risk of ischaemia/reperfusion (IR) injury, transplantation programmes presently include almost exclusively Maastricht category III and IV NHBD, while reports about utilization of category II donors remain rare (Kootstra et al. 1995; Gomez-de-Antonio et al. 2012; Cypel et al. 2015) .
Ischaemia/reperfusion injury leading to primary graft dysfunction (PGD) represents the main cause of death in the early post-transplant period (Yusen et al. 2015) . Long-term success is constrained by the development of chronic lung allograft dysfunction (CLAD), including bronchiolitis obliterans syndrome (BOS) and restrictive allograft syndrome, thus limiting survival rates to 54% at 5 years and 31% at 10 years (Sato et al. 2011; Warnecke & Haverich, 2012; Yusen et al. 2015) .
Mesenchymal stem cells (MSCs) have been suspected of playing a potential role in both short-and long-term viability and reorganization of the lung allograft. A main mode of action in different forms of acute lung injury was shown to be through secretion of anti-inflammatory and reparatory paracrine factors (Zhen et al. 2010; Ionescu et al. 2012; Li et al. 2016) . Furthermore, transplanted MSCs were able to integrate into the alveolar wall and differentiate into surfactant producing type II alveolar epithelial cells (Wong et al. 2007 ). This seems of particular significance, as impairment of the intra-alveolar and cellular surfactant system has been identified as an important pathogenetic step in IR injury development (M€ uhlfeld et al. 2009; Knudsen et al. 2011 Knudsen et al. , 2012 . A prerequisite for potential long-term effects of transplanted MSCs and an influence on BOS development is initial cell tolerance and the absence of adverse effects on blood-air barrier (bab) integrity.
In our study we aimed to evaluate the immediate effects of MSC application in a large animal NHBD model. MSCs were administered either by an endobronchial or pulmoarterial route. In a previous publication, deposition of MSCs was demonstrated in the respective lung compartments (Wittwer et al. 2014) . The objective of this study was to identify the initial steps of lung injury in warm ischaemia with particular emphasis on the surfactant system, and to recognize a possible influence of MSCs on initial damage. Analysis was performed stereologically at light (LM) and electron microscopical (EM) levels to detect qualitative and quantitative cellular alterations.
Materials and methods

Experimental model
In a porcine NHBD model for lung transplantation, 20 donor animals (female domestic pigs, 20-22 kg body weight) and 15 recipient animals (female domestic pigs, 28-32 kg body weight) were used. The animal experiments were conducted according to the European Communities Council Directive 2010/63/EU for the protection of animals used for experimental purposes and the German Animal Protection law, and approved by the responsible authority (North Rhine-Westphalia State Office for Nature, Environment and Consumer Protection).
The donor animals were assigned to four experimental groups, each n = 5: Sham control (group 1); NHBD (group 2); MSCvasc (group 3); MSCbronch (group 4). Details of the surgical procedures were described previously (Wittwer et al. 2014) . Briefly, pigs in group 1 were sham-operated, and the lungs were explanted and processed for histological and ultrastructural assessment without ischaemia, transplantation or any other treatment. In groups 2-4, cardiac arrest was induced, and the asystolic animals were continued to be ventilated for 3 h. In groups 3 and 4, MSCs were administered 10 min before the end of the 3-h warm ischaemic period via the pulmonary artery and endobronchially, respectively. The left lungs of groups 2-4 were transplanted into recipient animals, reperfused and ventilated for 4 h. Then, lungs were retrieved and processed for histology and EM.
During reperfusion, functional data were collected. These as well as samples of both lungs had been used for different investigations in a previous study (Wittwer et al. 2014 ).
Bone-marrow-derived MSCs
Mesenchymal stem cells were derived from human bone marrow aspirates as isolation and large-scale expansion of porcine MSCs is not established. Sternal bone marrow aspirates were collected from patients undergoing elective coronary artery bypass grafting surgery. The intervention was approved by the ethics committee of the University of Cologne, and written informed consent was obtained from all patients. Isolation, expansion and characterization were performed as previously described (Neef et al. 2012; Wittwer et al. 2014) . Briefly, mononuclear cells were isolated from bone marrow aspirates by Ficoll density-gradient centrifugation. Cells from the interphase cell layer were cultured in T75 cell culture flasks (Becton Dickson Biosiences, Heidelberg, Germany) in specific human MSC media (PAN Biotech, Aidenbach, Germany) at 37°C and 5% CO 2 in a humidified incubator (Binder, Tuttlingen, Germany). For further large-scale expansion, MSCs were grown in multi-layered cell culture vessels (Corning, Wiesbaden, Germany 
Anaesthesia and surgery
Anaesthetical and surgical procedures were performed as described previously (Wittwer et al. 2014 
Donor operation and warm ischaemia
Lungs and heart were exposed by median sternotomy in the donor animals of groups 2-4. Cardiac arrest was induced with electrical fibrillation. The non-heart-beating animals were kept for 3 h at room temperature (warm ischaemia), but ventilated continuously with the above parameters during that period. During the last 10 min of the warm ischaemic time, MSCs [50 9 10 6 cells (Dahlke et al. 2009 ) in 10 mL 0.9% saline] were given to groups 3 and 4. Group 3 received the cells via the pulmonary artery. In group 4, MSCs were administered endobronchially with an ultrasonic nebulizer (Nebu-tec, Elsenfeld, Germany). After termination of warm ischaemia, flush preservation with 1.8 L of cold low-potassium dextran solution was performed (max. perfusion pressure 14 mm Hg), lungs were clamped in an end-inspiratory state and the heart lung-bloc was recovered followed by storage at 4°C for 3 h.
Sham control and recipient operation
The animals of the sham-operated control group (group 1) and the recipient pigs of groups 2-4 were subjected to a lateral thoracotomy in the left 5th intercostal space. In all animals, tissue around the tracheal bifurcation, the main bronchi and both pulmonary arteries was dissected. In groups 2-4, left native lungs were removed and left donor lungs were transplanted. After reperfusion and reventilation (18 breaths per min; pressure-controlled mode; PIP 30 mm Hg; PEEP 10 mm Hg; F i O 2 = 0.5) for 15 min, the right lungs were clamped in all groups. Perfusion and ventilation of the left lungs were continued for 4 h. At the end of the experiment, the animals were killed by exsanguination in deep anaesthesia.
Fixation, sampling and tissue processing
The whole left lungs were perfusion fixed in situ with 2 L fixation solution (4% paraformaldehyde/0.1% glutaraldehyde in 0.2 M Hepes buffer) in an antegrade fashion via the pulmonary artery. During fixation, perfusion pressure was kept at 15 cm H 2 O and airway pressure at 12 cm H 2 O. After fixation, the lungs were explanted and organ volume was determined according to the Archimedes principle (Scherle, 1970) . In order to obtain unbiased results representative for the whole organ, tissue samples for histology and EM were collected by systematic uniform random sampling (SURS; Howard & Reed, 2010; Tschanz et al. 2014 
Stereological evaluation
Following the principles of the American Thoracic Society and European Respiratory Society for quantitative assessment of lung structure (Hsia et al. 2010) , design-based stereology was employed on LM and transmission electron microscopical (TEM) levels in a multistage stratified analysis (Ochs, 2006a; Tschanz et al. 2014 ).
Evaluation of LM sections was conducted with a Leica 6000 LM (Leica; Wetzlar, Germany) equipped with a motorized microscope stage (MAC 6000 System; Ludl, New York, NY, USA) and the computer-assisted stereology system newCAST (Visiopharm, Hoersholm, Denmark). In every section, fields of vision to be analysed were identified by SURS at an objective magnification of 5 9 and 20 9. Using the point counting method, volume densities of parenchyma, alveolar septum and intra-alveolar oedema were determined (Ochs, 2006b; Howard & Reed, 2010; Schneider & Ochs, 2013) .
Transmission electron microscopy analysis was performed with a Morgagni 268 TEM (FEI, Eindhoven, The Netherlands) including a digital camera (Veleta CCD; Olympus SIS, M€ unster, Germany) and the image analysis software iTEM (Olympus SIS). TEM micrographs were assessed stereologically using the stereology tool STEPanizer (Tschanz et al. 2011) . A combined point and line grid was superimposed on micrographs with a primary magnification of 11 000 9 to estimate volume densities (V V ) of alveolar septa components, and intra-alveolar surfactant subtypes and surface densities (S V ) of alveolar epithelium and capillary endothelium (Howard & Reed, 2010; Schneider & Ochs, 2013) . Absolute volumes of organ structures were calculated by multiplying volume fractions with total organ volume. From surface densities and volume densities, the arithmetic mean blood air-barrier thickness (s ̅ bab ) was calculated according to Eq. 1 (Ochs, 2006b; Hsia et al. 2010) .
Further analysis of the intracellular surfactant pool within type 2 cells included estimation of volume density, volume-weighted mean volume (V v ) and size distribution of lamellar bodies (lbs). Type 2 cells were sampled by SURS at an original magnification of 7100 9 and images were taken from all sampled cells. To assess the latter two lb parameters, the point sampled intercepts method was employed (Gundersen & Jensen, 1985) . A test system with lines and points was superimposed on sampled type 2 cells. Whenever a point hit a lb, its linear intercept was measured with a 15 class l 3 0 ruler (Braendgaard & Gundersen, 1986) . The V v of lbs was then calculated according to Eq. 2 (Gundersen & Jensen, 1985) .
Additionally, the frequency distribution of lbs in the profile size classes was determined.
The lung of one sham control group animal was perforated during organ recovery and fixation and collapsed; it had to be excluded from stereological analysis.
Statistics
Statistical analysis was performed with IBM SPSS statistics 23 (IBM Deutschland GmbH, Ehningen, Germany). Data were tested for normality with the Shapiro-Wilk test. When displaying a normal distribution, values are presented as mean AE standard deviation, and group differences were analysed using ANOVA and post hoc Tukey test. For parameters not complying with a normal distribution, median AE interquartile range are given and the Kruskal-Wallis test including post hoc multi-comparisons with stepwise down adjustment were used. In both cases, a P-value < 0.05 was considered significant.
Results
Lung structure and ultrastructure after warm ischaemia and MSC pretreatment
Figures 1 and 2 show typical findings of histological and ultrastructural lung conditions in the four experimental groups. In sham-operated control animals (group 1) as well as after warm ischaemia (group 2) and warm ischaemia plus MSC treatment (groups 3 and 4), lung parenchyma was well preserved with inflated alveoli and slender alveolar septa. Signs of IR injury were largely missing. Peribronchovascular space, alveolar septa and intra-alveolar space were almost free from oedema. The bab was continuous, and none of its components was swollen or fragmented.
Results of the stereological analysis are summarized in Table 1 . The left lungs had a mean volume between 350 mL (sham control group) and 422 mL (MSCbronch group). Volume densities of structural organ components did not differ significantly between groups. Consistent with qualitative findings of parenchymal ventilation, air content made up 71-77% of total lung volume (range of group means). Little intra-alveolar fluid/oedema was detected, amounting to 1.0-1.7% of lung volume, which corresponded to an absolute volume of 4.4-5.8 mL (range of group means). The alveolar septum made up between 6.7% of lung volume (22 mL) in the sham control group and 12.0% (50 mL) in the MSCbronch group. The difference in absolute volume between those groups reached the significance level (P = 0.021). No significant group differences were encountered in relative alveolar septum composition. Capillary lumina comprised approximately half of alveolar septum volume, while tissue components comprised the other half of the volume. In contrast, absolute values of alveolar septum composition showed significant differences for type 1 cells, endothelium and capillary lumina between the sham group and the MSCbronch group. Arithmetic mean thickness of the whole bab amounted to 0.863 lm in the MSCbronch group and 1.167 lm in the NHBD group (P = 0.030). Alveolar septum interstitium contributed the largest part to bab thickness in all groups. Alveolar epithelium and capillary endothelium were approximately of equal thickness, with group means ranging from 0.230 to 0.325 lm and 0.238 to 0.299 lm, respectively. Individual bab layers did not show statistically significant group differences.
Intracellular surfactant pool
Alveolar epithelial type 2 cells (Fig. 3) represent the cellular part of the surfactant system. The mean total volume of type 2 cells in the left lung ranged between 1.24 mL in the sham control group and 2.54 mL in the MSCvasc group (Table 1) . Within type 2 cells, surfactant is contained in lbs. These organelles comprised 12.2% (MSCbronch) to 16.5% (sham control) of type 2 cell volume, amounting to a total volume of 0.21-0.31 mL (group means; Table 1 ). Group differences of these values were not statistically significant.
Furthermore, lb size was analysed: the V v (Fig. 4 ) differed significantly between groups (P = 0.024), with the sham control group harbouring larger lbs (median 0.814 lm³) compared with the other groups (group medians 0.180-0.373 lm³). Looking more closely at the distribution of lb profile size classes (Fig. 5 ) revealed that after warm ischaemia and MSC application (groups 2-4), type 2 cells contained significantly less large profiles of lbs (sum of classes 5-15) compared with the sham control group. A lower number of counts in classes 2-4 was not statistically significant.
Intra-alveolar surfactant pool
Electron microscopy sections were screened for intraalveolar surfactant at a magnification of 11 000 9. All surfactant subtypes were detected, i.e. active [lamellar body-like forms (lbl); tubular myelin (tm)], intermediate [multilamellar vesicles (mlv) ] and inactive [unilamellar vesicles (ulv) ] forms (Fig. 3) . All surfactant subtypes together amounted to 0.313-0.858 mL (group medians; Table 2 ). Thus, the intra-alveolar surfactant pool was slightly larger than the intracellular pool (Table 1) . Ulvs were by far the most abundant surfactant subtype in all groups. Group differences in subtype distribution were not statistically significant. A remarkable phenomenon was a large individual variability in all surfactant parameters.
Discussion Large animal NHBD model
In this study, a large animal NHBD model was developed to evaluate the initial steps of IR injury in warm ischaemia and the possible influence of pulmoarterial or endobronchial application of MSCs. After induction of cardiac arrest, a non-heart beating, i.e. warm ischaemic, time period of 3 h was observed (except sham control group) during which the pigs were continuously ventilated.
In a clinical context, organs from NHBD are classified according to Maastricht categories I-IV (Kootstra et al. 1995) . Today, almost only organs from category III and IV donors are utilized. In these controlled donors cardiac arrest is awaited and donor procedures including cooling are started immediately or within minutes after cardiac arrest to keep warm ischaemic time as short as possible . Category II donors are defined as 'unsuccessful resuscitation', i.e. cardiac arrest is followed by a period of constricted perfusion and ventilation of variable length during attempted resuscitation and, after cessation of resuscitation, by a NHB period of variable length until commencement of donor procedures (warm ischaemia). Depending on legislation, that time period might be bridged by ventilation and/or other preparatory handlings (Kootstra et al. 1995) . Thus, the donor lungs of our model can be regarded as representing a subset of category II organs, but under well-defined experimental conditions. In groups 3 and 4, MSCs were administered during the last 10 min of warm ischaemia. This would conform to a time point after consent has been obtained and at commencement of donor procedures in a clinical setting.
The aim of our study was to identify the initial steps of IR injury development in a NHBD setting and to evaluate possible immediate effect of MSC application. Therefore, a reperfusion time of 4 h was chosen. Within this time period, primary alterations of IR injury have been shown to commence (Eppinger et al. 1997; Fehrenbach et al. 2000; Fischer et al. 2000a,b; Quadri et al. 2005; Zhao et al. 2006; M€ uhlfeld et al. 2009; Yang et al. 2009 ) and at the same time avoiding too much secondary progression of the organ damage cascade.
Qualitative and quantitative organ structure after 3 h of warm ischaemia and MSC application As revealed by qualitative microscopy, transplanted lungs in our model tolerated 3 h of ventilated warm ischaemia as well as MSC application without developing histological or ultrastructural signs of IR injury (Figs 1 and 2) . In addition to qualitative evaluation of LM and EM sections, we employed stereology to obtain representative quantitative data. These aimed at detecting subtle changes in organ structure at the onset of IR injury. Stereology revealed morphofunctionally highly relevant specifics regarding blood-gas barrier condition as well as intracellular and intraalveolar surfactant pool in rodent IR injury models (Dreyer et al. 2008; M€ uhlfeld et al. 2009 , 2010 Knudsen et al. 2011) .
A key feature in IR injury is the development of oedema M€ uhlfeld et al. 2009 ). Stereology enables the discrimination of peribronchovascular, septal and alveolar oedema by estimating volume fraction and absolute volume of non-parenchyma, components of the alveolar septum and intra-alveolar fluid, respectively (Ochs, 2006b). Functionally most significant is alveolar oedema, which showed a strong correlation with impairment of perfusate oxygenation . Volume densities of oedema-related parameters did not display significant group differences (Table 1 ). In particular, the fraction of intra-alveolar fluid remained low in all groups with group means of 1.0% (MSCbronch) to 1.7% (sham control). Also none of the other volume density parameters listed in Table 1 showed statistically significant group differences. Additionally, absolute volumes of organ components were calculated. This can be of particular significance for the lung as volume densities depend heavily on ventilation. To account for this, all animals were ventilated in a stringently controlled mode intra-operatively and ventilation pressure was maintained continuously during organ fixation. Still differences in lung compliance could influence pulmonary air content and subsequently volume densities of tissue components. Also looking at absolute volumes, no indications of peribronchovascular or intra-alveolar oedema were found. Total intra-alveolar fluid amounted to 4.3-5.8 mL (group means; Table 1 ). In contrast, differences in alveolar septum volume between sham control and MSCbronch group exceeded the significance level (Table 1) . Tissue components of the alveolar septum and intravascular capillary volume were affected almost equally and surpassed statistical significance for type 1 cells, capillary endothelium and capillary lumen volume. An increase in alveolar septum volume and its components is conspicuous of septal oedema. However, the bab was not thicker in the MSCbronch group, due to a higher surface density of the alveolar septum. Additionally, no qualitative signs of septal oedema were detected. Furthermore, neither qualitative nor quantitative alterations suggestive of peribronchovascular oedema were found. Peribronchovascular oedema formation generally precedes septal oedema (Ochs, 2006b ). Thus, we concluded that a higher volume of the alveolar septum and some of its components was not indicative of septal oedema formation but due to a higher amount of regular alveolar septa. Alveolar surface density as well as absolute alveolar surface was significantly higher in the MSCbronch group compared with the sham control group (Table 1) . Concordant alterations of those two parameters and an (insignificantly) higher air volume exclude malventilation or air loss as a cause for higher surface density in the MSCbronch group. Generation of new alveolar surface by sprouting, growth or ramification of alveolar septa in the MSCbronch group is quite unlikely due to the short duration of the experiment. Another possibility would be reduced surface tension, which could allow greater stretch of septal tissues and subsequently greater surface area. Interestingly, the MSCbronch group had a, even though insignificantly, differing composition of intra-alveolar surfactant, i.e. a higher fraction of mlvs and lower fraction of ulvs (Table 2) . However, the definite cause of a higher alveolar surface density and absolute alveolar surface in the MSCbronch group remains unclear, but must also take into account the small number of animals per group in this explorative study.
Considering qualitative and quantitative structural findings, it can be concluded that 3 h of ventilated warm ischaemia was tolerated well in our model. Functional data were V, volume; V V , volume density; npar, non-parenchyma; par, parenchyma, air pulmonary air content; ed, intra-alveolar oedema fluid; alvsept, alveolar septum; type1, Type 1 alveolar epithelial cells; type2, Type 2 alveolar epithelial cells; intas, interstitial layer of the alveolar septum; endo, capillary endothelium of the alveolar septum; caplum, lumina of alveolar septal capillaries; lb, lamellar bodies; bab, blood-air barrier; S V , surface density; s, arithmetic mean thickness; alvepi, alveolar epithelium; MSC, mesenchymal stem cell; NHBD, non-heart-beating donor. Mean AE standard deviation. Statistical significance of group differences was calculated by ANOVA and post hoc Tukey test. Significant differences (P < 0.05) are marked by superscripts indicating significance vs.:
also available for the same animals (Wittwer et al. 2014 ) at the end of the observation period post-transplantation and depending only on the transplanted left lung. Values of the NHBD group did not differ significantly. In a comparable porcine NHBD model including 7 h of ventilated warm ischaemia, Wittwer et al. observed high mortality in the NHBD groups due to right heart failure (Wittwer et al. 2013) .
The local oxygen supply to parenchyma/alveolar septa can be maintained and the tissues of the bab can be supported via the alveolar air space due to ventilation in the NHBD model. Also in vivo functional as well as nutritive oxygen supply is mainly provided from this source. The Vasa privata of the lung support bronchi, proximal bronchiole, larger blood vessels and surrounding peribronchovascular connective tissue. Additionally, some supernumerary arteries branch off and anastomose with the parenchymal pulmonary artery vascular bed (Ochs & O'Brodovich, 2012) . In contrast to oxygen, the supply with all other nutrients is interrupted and metabolites accumulate during ventilated warm ischaemia also in parenchymal tissues. Additionally, cessation of perfusion eliminates shear stress on vascular endothelium and initiates complex mechanosensitive signalling. Through mechanotransduction, ischaemia independent of hypoxia can lead to generation of reactive oxygen species (ROS) through an NADPH oxidase (NOX) 2-dependent pathway cascade (Chatterjee et al. 2014) . ROS initiates activation of alveolar macrophages and recruitment of neutrophils, including subsequent induction of the inflammatory signalling cascade (den Hengst et al. 2010 Volume weighted mean volume of lamellar bodies (lbs). Individual data points and group medians. The sham control group differed significantly from all other groups (P = 0.024). Sham, sham control group; NHBD, non-heart-beating donor group; MSCvasc, pulmoarterial application of mesenchymal stem cells; MSCbronch, endobronchial application of mesenchymal stem cells.
et al. 2014). Tissue injury in ventilated warm ischaemia may arise from these pathways. The window between onset of detectable functional and structural organ impairment and irreversible tissue damage seems to be quite narrow in warm ischaemia, with a time frame between 3 and 7 h in the porcine model. In our model, lungs of clinically healthy animals at a juvenile age were used, which is typical for experimental lung transplantation studies. In contrast, clinical lung transplantation depends on lungs from a very heterogeneous donor population with potentially very heterogeneous reactivity towards ischaemic stress. Thus, the limiting frame for tolerable warm ischaemic time might differ to a great extent between individual lungs demanding individual testing of NHBD lungs. This could be achieved through the technique of ex vivo lung perfusion (Steen et al. 2001; Van Raemdonck et al. 2015) . In a previous study, deposition of MSC in alveolar septa vasculature after pulmoarterial application or in alveolar lumina after endobronchial application was demonstrated for the same animals (Wittwer et al. 2014 ). Looking at both qualitative and quantitative data from MSC groups in this study, MSC application had no detectable effect on lung structure or ultrastructure in the immediate post-transplantation period. Both routes of application (vascular and endobronchial) were tolerated without eliciting qualitative or quantitative structural damage. A positive effect on structural preservation compared with the NHBD group was not detected. However, this does not preclude possible effects in a model conveying marked IR injury to the NHBD group.
Stereological data of the sham control group can also serve as a basis for the porcine lung in the respective age/ weight category. Pigs with a body weight about 20-35 kg, i.e. approximately 8-14 weeks old, are commonly used in lung transplantation studies (Str€ uber et al. 2002; Wittwer et al. 2004; Cypel et al. 2009; Yeung et al. 2012 ). However, detailed and representative quantitative data regarding lung structure and ultrastructure have been missing so far. An earlier developmental study analysed lung ultrastructure in piglets aged 30-60 days (Winkler & Cheville, 1985) . With respect to volume densities of bab components, equivalent values were found for capillary endothelium, alveolar Winkler & Cheville, 1985) . These variations in quantitative organ composition of the porcine lung at ultrastructural level demonstrate the need for an age-stratified data basis in this species.
Intracellular surfactant pool
The intracellular surfactant pool was affected by 3 h of warm ischaemia in a way that the V v of lbs decreased significantly (sham control: group median 0.814 lm³; groups 2-4: group medians 0.180-0.373 lm³) and the profile size distribution of lbs changed. MSC administration had no further influence on both parameters. To characterize lbs, stereology offers two different possibilities of volume measurements: number weighted mean volume (V n ) and volume weighted mean volume (V v ) (Gundersen & Jensen, 1985; Ochs, 2006a; Howard & Reed, 2010; M€ uhlfeld & Ochs, 2013) . V n addresses volume from the perspective of lbs and weighs each lb equally. In contrast, V v addresses this question from the perspective of contained surfactant and weighs each unit of surfactant material equally, asking: 'A unit of surfactant is found on average in lbs of which volume?'. Thus, V v represents a value of the size condition of lbs that harbour available surfactant. Intracellular surfactant material forms the pool from which intra-alveolar surfactant can be replenished (Ochs, 2010) . In case lb size is of functional relevance for contained surfactant quality (e.g. maturity, composition, conformation), it is of interest to characterize lbs from the surfactant perspective.
V v was determined by the point sampled intercept method (Gundersen & Jensen, 1985) . In point sampling, the sampling probability of lbs in sections is directly proportional to their volume (Braendgaard & Gundersen, 1986) . The length of the intercept of every sampled lb was classified using a 15 class l 3 0 ruler (Braendgaard & Gundersen, 1986) . Any lb can have a section profile maximally of the size class of its largest diameter. Additionally, it can produce profiles in all smaller profile size classes. For example, a reduction of very large lbs (maximal diameter class 15) in number leads not only to a smaller number of counts in class 15 but also to fewer counts in classes 1-14. In our study, all groups subjected to warm ischaemia (NHBD, MSCvasc and MSCbronch) had fewer counts in all classes beginning at class 2, which became statistically significant for the sum of classes 5-15. This leads to the assumption that during warm ischaemia mainly larger lbs released their surfactant content into the intra-alveolar space. Interestingly, the number of profiles in class 1 was not reduced. This could be due to a compensatory formation of new small lbs to restore the intracellular surfactant pool.
The amount of total surfactant in type 2 cells did not differ significantly between groups despite the changes in lbV v . Regarding the differential profile size distribution of lbs between groups with probable extrusion of large and formation of small lbs, these two opposing effects seemed to balance the volume of the intracellular surfactant pool.
Intra-alveolar surfactant pool
Changes in intra-alveolar surfactant composition have been found to be related to IR injury after lung transplantation in an experimental as well as clinical context (Ochs et al. 1999; Str€ uber et al. 2007; M€ uhlfeld et al. 2010) . Functional properties of surfactant are clearly associated with morphologically discernible surfactant subtypes. In particular, surface active large aggregates correspond to tm and 'used', inactivated small aggregates correspond to ulv. Directly after exocytosis, surfactant material presents as lbl, which feeds the tm lattice, whereas mlv are seen as intermediate, partially active surfactant subtypes (Ochs, 2010; Knudsen et al. 2012) .
The total amount of intra-alveolar surfactant per lung did not differ significantly between groups. All surfactant forms present in human and rodent lungs (Brasch et al. 2004; M€ uhlfeld et al. 2010) were also encountered in the porcine organs.
However, the proportion of active surfactant forms was very low (group medians 0.0% lbl and 0.0-2.6% tm) in all groups. Reference values for porcine lungs are missing so far. Studies on rodent lungs identified 1% lbl, 33% tm, 41% mlv and 26% ulv in intra-alveolar surfactant of untreated control lungs. IR injury resulted in a reduction of tm (1%) and an increase of ulv (65%; M€ uhlfeld et al. 2010) . Differences between rodent and porcine surfactant form composition could be due to species characteristics. On the other hand, intra-operative inactivation of intraalveolar surfactant also in the sham control group cannot be excluded. Possibly, porcine surfactant could be more susceptible to ventilation-associated inactivation compared with rodent surfactant. In the MSCbronch group a tendency towards less ulv and more mlv was observed. Thus, the intra-alveolar surfactant pool might profit from endobronchial MSC application, but further studies, also covering a longer time period, are needed to substantiate this finding.
Intra-alveolar and intracellular surfactant pools cannot be regarded as self-contained entities. In our model, the findings could be interconnected forming the following surfactant turnover cycle. During warm ischaemia and reperfusion, intra-alveolar surfactant was inactivated, i.e. active forms were converted to inactive ulv. Lbl and subsequently tm were replenished from the intracellular pool by secretion of large, mature lbs. Ulv were cleared from the hypophase by reuptake into type II cells. Endocytosed ulv material was recycled in type II cells into newly formed small lbs. In this hypothesis, surfactant turnover differs only minimally from physiological turnover (Dietl & Haller, 2005; Andreeva et al. 2007; Ochs, 2010) . Consumption of intraalveolar surfactant can still be compensated from the intracellular pool. In the intracellular pool, the same amount of surfactant is now contained in smaller lbs as an indication of increased turnover and possibly as a first sign of exceeded compensatory capacity. These very subtle changes in our model are likely to stand at the very beginning of IR injury pathogenesis. This is corroborated by findings of Thompson et al. who demonstrated a direct connection between surfactant exocytosis and alveolar fluid resorption via fusion-activated cation entry (Thompson et al. 2013 ).
Limitations of the study
Due to its design, our model incorporates some limitations. We used porcine lungs derived from young and healthy animals in this study. Human donor lungs might have a different, maybe higher, susceptibility to IR injury after a warm ischaemic insult due to age or previous impairment. Thus, time lines and severity of IR injuryrelated alterations cannot be translated directly into clinical lung transplantation.
Additionally, findings in our model are specific for the experimental procedures applied, i.e. 3 h of ventilated warm ischaemia, and cannot be extrapolated to category II donors in general. With respect to organ conservation, it seems of particular importance how the time between cardiac arrest and start of donor procedures is bridged, especially if the donor is ventilated and topical cooling is used (Rega et al. 2003; Gomez-de-Antonio et al. 2012; Pierre et al. 2015) .
Mesenchymal stem cells administered in this study were derived from bone marrow. Evidence is accumulating that adult MSCs comprise non-uniform subpopulations depending on their origin. Lung-resident MSCs derived from adult lungs exhibited different gene expression, surface marker and cytokine expression profiles as well as different morphology and proliferative capacity compared with bonemarrow-derived MSCs (Rolandsson Enes et al. 2016) . Thus, MSCs derived from other sources than bone marrow might induce differential pulmonary reactivity. Furthermore, the model was designed to reveal initial effects of warm ischaemia and MSC application with particular respect to IR injury development. Beyond shortterm impairment of organ function, in worst case culminating in high-grade PGD, IR injury also influences the long-term outcome of lung transplantation. PGD has been identified as a risk factor that promotes development of BOS (Daud et al. 2007 ). Medium-and long-term effects of warm ischaemia and MSC application were not studied in this model. Nevertheless, they are of great interest. BOS and non-BOS forms of CLAD are the major impediments to long-term survival of lung transplant recipients (Kotloff & Thabut, 2011; Warnecke & Haverich, 2012; Sato, 2013; Yusen et al. 2015) . On the one hand, beneficial preventive and therapeutic effects on the genesis of CLAD have been associated with MSC application due to their immunomodulatory properties, cytokine secretion profiles, cell differentiation potential and anti-apoptotic capacity (Selmani et al. 2009; Zhen et al. 2010; Wittwer et al. 2014; Ito et al. 2015; Urbanek et al. 2016) . On the other hand, MSCs have been suspected of playing a role in BOS development (Badri et al. 2011) . For further studies on the long-term effects of MSC application, the absence of initial damaging effects is an essential prerequisite.
In summary, this study provides insight into the initial stages of IR injury pathogenesis. Very subtle alterations within the surfactant system that are likely to represent a departure point for IR injury development could be detected using stereological methods. MSCs were not able to execute a positive short-term effect, maybe also due to the good tolerance of 3 h of warm ischaemia. However, the absence of immediate organ damage will allow further medium-to long-term studies to explore possible benefits regarding CLAD prevention.
